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ABSTRACT 
Cooled t a r g e t  c o l l e c t i o n  techniques and h igh  presure 
mash spectrometr ic sampling were used t o  measure the  r e l a -  
t i v e  r a t e s  o f  o x i d a t i v e  vapor iza t ion  and t o  i d e n t i f y  t he  
v o l a t i l e  products emanating from samples of c h r m i a  
( Cr203) and Mg-doped 1 anthanum chromite ( LaMgC). 
Cr1.3503.4) . The mate r ia l s  were exposed t o  oar ,  a1 a1 pres- 
sures'o KCl(g) w i t h  and w i thout  H20(g) i n  one atmosphere 
o f  slowly f low ing  oxygen a t  e levated temperatures. 
and f r e s h  samples o f  lanthanum chromite exh ib i t ed  enhanced 
r a t e s  o f  o x i d a t i v e  vapor iza t ion  upon exposure t o  these 
reactants .  
the  enhancements resu l ted  from the heterogeneous format ion 
o f  complex m~lec,!!! PS nf the type (KC1 ) ,?, Cr@; and 
(KOH) ,2  Cr03. Lanthanum chromite t h a t  had undergone pro- 
longed o x i d a t i v e  vapor iza t ion  exh ib i t ed  no enhanced o x i -  
da t i on  upon exposure t o  the reactants .  
- 
Chromia 
Mass spect rometr ic  i d e n t i f i c a t i o n  showed t h a t  
INTRODUCTION 
Equ i l i b r i um thermodynamic ca l cu la t i ons  appl ied t o  gas t u r b i n e  en- 
gines operat ing under cond i t ions  conducive t o  ho t  cor ros ion  a t tack  i n -  
d i c a t e  t h a t  the engine ho t  sec t ion  environment should be r e l a t i v e l y  
r i c h  i n  the  contaminant gases NaCl (9)  , NaOH( g) , and H C l  (9)  ( r e f .  1 ) . 
S im i la r l y ,  c o a l - f i r e d  systems are  a lso  expected t o  contair.  the  addi -  
t i o n a l  species KCl(g) and KOH(g). 
p lay  i n  h igh  temperature cor ros ion  i s  no t  we l l  character ized. We 
have been i n v e s t i g a t i n g  the i n t e r a c t i o n  o f  such reac tan t  gases w i t h  
metals and metal oxides a t  e levated temperatures i n  o x i d i z i n g  
The r o l e  t h a t  such gaseous specie: 
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environments a t  atmospheric pressure. Our experimental s tud ies  employ 
two d i f f e r e n t  techniques: (1) cooled t e r g e t  c o l l e c t i o n  t o  determine 
r e l a t i v e  r a t e s  o f  o x i d a t i v e  vapor iza t ion  of samples exposed t o  var ious 
o x i d i t f n g  environments; (2) h igh  pressure mslecular  beam mass spectro- 
m e t r i c  sampling t o  i d e n t i f y  molecules v o l a t i l i z i n g  from the  samples. 
Recently, we repor ted  r e s u l t s  obta ined f o r  t h e  systems C r ,  Mo, 
T i ,  and f o u r  supera l loys exkosed t o  oxygen conta in ing  water and gaseous 
NaCl ( re fs .  2 and 3 ) .  We showed t h a t  v o l a t i l e  products WE, 3 detected 
f o r  a l l  these ma te r ia l s  except a l l o y  8-1900 and t i tan ium,  and t h a t  the  
r a t e s  o f  o x i d a t i v e  vapor i za t i on  were markedly enhanced by H20(g), 
NaCl(g), and H20(g) + NaCl(g). We f u r t h e r  showed t h a t  the  complex 
molecules e f fec t i ng  t h e  increased ra tes  o f  o x i d a t i v e  vapor iza t ion  i n  
the  systems conta in ing  chromium were of t he  types: (NaCl),CrOa where 
x=l ,  2, and 3; (NaOH) C r O 3  where x=l  and 2; NazCt-207; and, Cr02(0h)2. 
For t h e  systems conta'fning molybdenum t h e  types were s i m i l a r ;  namely, 
(NaCl),(MoO,), where x= l  and 2, NaOH(MoO,),, and MoO~(OH)~.  
The work repor ted  here in  extends these inves t i ga t i ons  t o  systems 
i n v o l v i n g  t h e  i n t e r a c t i o n  of KCl(g) wi th ox id ized  chromium and lan -  
thanum chromite; t h a t  i s ,  C r  + O2f KCl(g) f H,O(g) and LaCr03+ O2 
f KCl(9) 2 H20(9) .  
EXPERIMENTAL 
Experimental Procedures. - Tiio exper!mer$tal techniques were used 
A schema- 
I t  can be seen t h a t  the  
i n  the  present atmospheric pressure i nves t i ga t i ons :  cooled t a r g e t  
c o l l x t i o n  and h igh pressure mass spect rometr ic  sampling. 
t i c  o f  each apparatus i s  shown i n  f i g u r e  1. 
furnace assembl) has common t o  both techniques. Two d i f f e r e n t  furnaces 
were employedoin t h i s  atudy: a low temperature furnace operated i n  
the  range 858 t o  11@O,C, and an h igh  temperature furnace operated 
between 1000 and 1500 C. The former i s  depicted i n  f i g u r e  1. I t  was 
15 cm l ong  and was operated w i t h  a 2.2 cm i . d .  quar tz  smple-conta in-  
ment tube. The h igh temperature furnace was p la t inum wound and was 
20 cm long. It was opwa ted  w i t h  a 2.2 cm i . d .  h igh  p u r i t y  alumina 
containment tube. The ox ida t i on  samples (approx. lx2x0.25cm) were 
suspended i n  the  containment tubes by a P t  131 Rh wi re.  The furnace 
temperature was c o n t r o l l e d  through a thermocouple by a p rec i s ion  se t -  
p o i n t  cu r ren t  p ropor t i ona t ing  c o n t r o l l e r  coupled t o  a sa turab le  core 
reac to r  power source. Temperatures could be maintained t o  f 2 0 C .  
Sample temperature was measured independently w i t h  a P t - P t  13% Rh 
thermocouple i n s i d e  the  containment tube and contac t ing  the  s ide  o f  
the  sample. 
P a r t i a l  pressures o f  KCl(g) were developed by heat ing KCl(c)  i n  
The 
a p la t inum c r u c i b l e  t h a t  was s i t ua ted  below the  sample i n  a 1.3 cm 
diameter quar tz  tube (alumina i n  the  h igh  temperature furnace) .  
c r u c i b l e  was 2 cm long by 0.6 cm i n  diameter and i t  was supported on a 
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double bore alumina thermocouple tube. A P t - P t  13% Rh tt iernocouple 
i n  t h e  alumina tube extended i n t o  t h e  c r u c i b l e  base and f a c i l i t a t e d  
continuous measurement o f  t h e  c r u c i b l e  temperature. A s l  i p -sea l  sys- 
tem al lowed t h e  c r u c i b l e  assembly t o  be moved v e r t i c a l l y  so t h a t  t h e  
c r u c i b l e  temperature could be v a r i e d  by changing i t s  p o s i t i o n  i n  t h e  
furnace. The c r u c i b l e  temperature was maintained considerably  lower 
than t h e  sample temperature t o  i n s u r e  no condensation o f  K C l  on t h e  
sampl e. 
Metered oxygen f lows were suppl i e d  independent ly t o  both concen- 
t r i c  tubes. 
sec- l  for t h e  o u t e r  and i n n e r  tubes respec t i ve l y .  The oxygen suppl ied 
t o  t h e  o u t e r  tube could be sa tu ra ted  w i t h  water vapor a t  room tempera- 
t u r e  by passing t h e  gas through a f r i t t e d  g lass p l u g  i n  t h e  bottom o f  
a 20 cm h i g h  column of water. The mass f r a c t i o n  of KCl(g) i n  t h e  ap- 
paratus was determined from t h e  weight l o s s  (per  u n i t  t ime)  o f  KCl(c)  
i n  t h e  c r u c i b l e  and the  volume f l o w  r a t e  of gas t h r o u  h t h e  apparatus. 
No attempt was made t o  apply co r rec t i ons  t o  the  KCl(g 7 concentrat ions 
f o r  c o l l i s i o n  and reac t i ons  w i t h  t h e  w a l l  o f  t h e  apparatus. I n  t h e  
t a r g e t  c o l l e c t i o n  experiments a mass f r a c t i o n  o f  about 20 ppm KCl(g) 
was used, and i n  the  mass spect rometr ic  sampling experiments KCl(g) 
concentrat ions o f  700 ppm were genera l l y  employed. 
I n  t a r g e t  c o l l e c t i o n  experiments, f i g u r e  1 (a ) ,  samples were 
u s u a l l y  preox id ized f o r  several  hours a t  h igh  temperature. Exper i -  
ments were s t a r t e d  by adding reac tan t  gases and f i v e  minutes were 
al lowed t o  elapse before c o l l e c t i o n  was begun. The v o l a t i l e  products 
coming from t h e  sample were c o l l e c t e d  on pol ished p la t inum t a r g e t s  
(5x5x0.04cm) at tached t o  a water-cooled copper p l a t e .  The t a r g e t  was 
pos i t i oned  icm above t h e  end of t h e  furnace i n  the  low temperature 
furnace and 2.5cm i n  t h e  h igh  temperature furnace. A plat inum c o l l i -  
mator w i t h  a 2cm diameter opening was loca ted  between the  t a r g e t  and 
t h e  furnace. Deposit. c o l l e c t e d  i n  measured t imes were d i sso l ved  i n  
water, and t h e  r e s u l t i n g  s o l u t i o n s  analyzed f o r  metal ca t i ons  by 
atomic absorpt ion spectroscopy. Experiments r u n  i n  oxygen alor,e and 
i n  t h e  h igh  temperature furnace r e s u l t e d  i n  deposi ts t h a t  were i n -  
s o l u b l e  i n  water and acids. Apparently, t he  Cr03 deposi t  was decom- 
posing t o  Cr?O,. These deposi ts  were d i sso l ved  by fusing i n  K,S,O,. 
I n  a l l  experiments us ing LaCrO3 samples, deposi ts were a l s o  t r e a t e d  
w i t h  1 : l  H C l  t o  d i s s o l v e  any larlthanum oxides t h a t  might have been 
co l l ec ted .  
Flows were adjusted t o  gas v e l o c i t i e s  of 0.7 and 2.5 cm 
I d e n t i f i c a t i o n  o f  v o l a t i l e  species emanating f r o v  samples was 
accomplished w i t h  t h e  h igh pressure mass spectrometr ic sampler pos i -  
t i oned  a t  t h e  containment tube opening a s  shown i n  f i g u r e  l ( b ) .  The 
h i g h  pressure, f r e e - j e t  expansion, modulated molecular bear, mass 
spect rometr ic  sampler f a c i l i t a t e s  d i r e c t  mass spect rometr ic  ana lys i s  
o f  atmospheric pressure sources. This  technique preserves the  dynamic 
and chemical i n t e g r i t y  of sampled species. 
t h e  f r e e - j e t  expansion sampling technique a re  given i r ,  re ference 4 
The theory and d e t a i l s  o f  
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which a l s o  inc ludes a d e t a i l e d  d e s c r i p t i o n  of our  instrument.  
For our sampler t h e  i n l e t  o r i f i c e  was 0.022 cm i n  diameter, l o -  
cated a t  t h e  apex o f  a 106 degree inc luded angle cone fab r i ca ted  from 
0.025 cm t h i c k  P t  10% Rh. The cone was welded on t h e  end o f  a 1.5 cm 
long  by 2.0 cm diameter s t a i n l e s s  s t e e l  tube. The sampling cone pro-  
t ruded i n t o  t h e  quar tz  tube 4ut 1 cm and was heated t o  a temperature 
approaching t h a t  o f  t h e  sample. Heating o f  t he  o r i f i c e  was necessary 
t o  minimize condensation on and subsequent c logging o f  t h e  o r i f i c e  by 
KC1 and o the r  condensible gas species. 
Mater ia ls . -  The chromium used i n  t h i s  study was i o d i d e  chromium 
o f  9 9 m T i t y .  
o f  15 ppm. 
sur face preparat ion,  a f t e r  degreasing. 
Typica l  analys is  showed a t o t a l  m e t a l l i c  i m p u r i t y  
Samples were c u t  w i t h  a diamond saw and used, w i t h o u t  
The lanthanum chromite used was Westinghouse lanthanum chromi t e *  
t h a t  was formed by h o t  pressing. The nominal composit ion was 
La Mg0.0sCr03. Chemical analys is*  i n d i c a t e d  t h a t  t he  m a t e r i a l  con- 
ta!A%a excess chromium and magnesium as descr ibed by t h e  formula 
LaMgo . 2 1 C r l .  3503.1, o r  LaMgo . o 5 C r o .  9 503 - Mgo . i 6 C r o .  400. I+ L i g h t  
micrographs o f  po l ished cross sect ions of t h e  ma te r ia l  revealed m i -  
crometer-sized occlusions o f  a second phase. E lec t ron  probe micro- 
ana lys i s  o f  these occlusions i nd i ca ted  they contained l a r g e r  amounts 
o f  cnromium and magnesium, compared t o  t h e  ma t r i x .  
as a s i n k  f o r  t he  i m p u r i t i e s .  
and degreased w i t h  t r i ch lo roe ihane ,  acetone, and a lcohol .  
They a l so  behaved 
Samples were c u t  w i t h  a diamond saw 
RESULTS A h D  DISCUSSION 
Cr,O,STUDIES 
Target c o l l e c t i o n  experiments. - The ef fects  o f  exposing hot  
ox idyz inq chromium t o  p a r t i a l  pressures o f  H20(9), KCl(g) and KCl(n) 
+ HzO(gj were studied. The r a t e  o f  c o l l e c t i o n  o f  chromium, vo la-  
t i l i z i n g  from the  sample as gaseous compounds, was determined f o r  
t he  temperature range gooo t o  11O@C. 
four hours o r  longer before r a t e  measurements were made. 
New samples were preox id ized 
Resul ts a re  presented i n  f i g u r e  2 i n  an Arrhenius p l o t .  The 
t r i ang ! i l a r  set  o f  p o i n t s  a re  the r a t e s  determined f o r  s imple oxida- 
t i v e  vapor izat ion,  i n  s low ly  f lowing oxygen a t  one atmosphere pres- 
sure, represented by t h e  reac t i on :  
*We a re  indebted t o  Barry R .  Roscinq o f  the Westinqnouse E l e c t r i c  
Corporat ion f o r  k i n d l y  supply ing us w i t h  samples  o f  t h i s  m a t e r i a l  
and w i t h  chemical analyses of  same. 
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The l i n e  drawn through the  po in ts  was obtained by a least-squares 
ana lys i s  o f  t h e  data and t h e  s lope o f  t h i s  l i n e  y i e l d s  an energy of 
a c t i v a t i o n ,  E, o f  48.4 kcal  mole''. 
t h a t  repo r ted  by Stearns, Kohl, and Fryburg ( r e f .  5 )  f o r  experimental 
cond i t i ons  i n  which t h e  r a t e  was " r e a c t i o n  c o n t r o l  led."  The lower 
va lue found here i n d i c a t e s  t h a t  " d i f f u s i o n  c o n t r o l "  cond i t i ons  a re  
i n f l u e n c i n g  t h e  measured r a t e  ( r e f .  6). Th is  c o n d i t i o n  i s  n o t  c r i t i -  
c a l  t o  r e s u l t s  repo r ted  he re in  because we a r e  p r i m a r i l y  i n t e r e s t e d  i n  
r e l a t i v e  values. 
This  value i s  somewhzt l e s s  than 
The c i r c u l a r  po in ts  ( f i g .  2 )  represent  t h e  r a t e s  found when water 
vapor (20 t o r r )  was added t o  t h e  oxygen; i .e.,  f o r  t h e  r e a c t i o n  
We have assumed t h a t  reac t i ons  ( 1 )  and ( 2 )  occur independently, and 
t h e  c i r c u l a r  p o i n t s  have been co r rec ted  by s u b t r a c t i n g  t h e  c o n t r i b u -  
t i o n  from simple o x i d a t i v e  vapor izat ion.  The v o l a t i l i z i n g  hydrate, 
C r O  (OH),(g), was i d e n t i f i e d  i n  our previous mass spect rometr ic  
s tua ies  o f  t h i s  r e a c t i o n  ( r e f .  3 ) .  
f o r  t h e  data p o i n t s  y i e l d s  an a c t i v a t i o n  energy o f  33. ;  kcal  mole-', 
s l i g h t l y  lower than t h a t  found f o r  s imple o x i d a t i v e  vapor i za t i on .  
The least-squares ! i nc  determined 
The square p o i n t s  represer l t  t h e  r a t e s  found when KCl(g) (20 ppm) 
was added t o  t h e  oxygen; i .e. ,  f o r  reac t i on :  
The r a t e s  have been correctad f o r  s imple o x i d a t i v e  vapor izat ion;  t he  
v o l a t i l i z i n g  molecules, (KC; )xCrO3(g), a re  t h e  main species found 
i n  our  mass spect rometr ic  s tud ies which w i l l  be discussed i n  the  nex t  
sect ion.  I t  should be noted t h a t  a d d i t i o n  o f  KCl(g) t o  t h e  oxygen 
r e s u l t s  i n  a marked enhancement i n  t h e  r a t e  of o x i d a t i v e  vapor i za t i on  
of chromium. The r e s u l t s  a l so  show t h a t  t he  format ion o f  these com- 
p lex  (KCl),Cr03(g) molecules requ i res  l i t t l e  energy o f  a c t i v a t i o n :  
t h e  Siopc o f  t he  least-squares l i n e  through t h e  square p o i n t s  gives 
an a c t i v a t i o n  energy o f  2.5 kcal mole 1. 
L,Cr203(S) + 3/4 02(9> + XKCl(g) + (KCl),Cr03(g). ( 3 )  
The r a t e s  foLtnd when both H20(g) and KCl(g) were added t o  t h e  
oxygen a re  represented bv the  diamond po in ts .  The ra tes  have been 
cc r rec ted  f o r  s i n p l e  o x i d a t i v e  vapor izat ion,  The r e s u l t s  i n u i c a t e  
t h a t  a f u r t h e r  marked enhancement i n  the  r a t e  has occurred; i n  f a c t ,  
t h e  r a t e s  a re  considerably g rea te r  than the  sum of reac t i ons  ( 2 )  
and ( 3 ) .  These data were no t  f i t t e d  t o  a s t r a i g h t  l i n e ,  and no ac- 
t i v a t i o n  energy was determined, because these r a t e s  represent  the  sur  
 if several  reac t i ons  and the  data a r e  n o t  expected t o  l i e  on a 
s t r a i g h t  l i n e .  The dashed l i n e  i s  merely a smooth curve drawn 
through the  points .  
o f  temperature, bu t  w i t h  an upward cu rva tu re  around l l O O ° C .  Th is  
probably r e s u l t s  from t h e  c o n t r i b u t i o n  o f  r e a c t i o n  ( 2 ) .  
These ra tes  a re  seen t o  be f a i r l y  independent 
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It should be noted t h a t  t h e  marked enhancements found i n  t h e  
r a t e s  o f  o x i d a t i v e  vapor i za t i on  o f  chromium upon t h e  a d d i t i o n  of 
H20(g), KCl(g), and H20(g) + KCl(g) t o  oxygen precludes a gas-phase 
r e a c t i o n  explanat ion o f  t h e  format ion o f  t h e  complex v o l a t i l e  chro- 
mium species. If  t h e  v o l a t i l e  species were formed i n  the  gas-phase 
by r e a c t i o n  w i t h  Cr03(g), t h e  r a t e s  would be l i m i t e d  by t h e  r a t e  o f  
formation o f  Cr03(g) and no enhancements would be observed. 
The dependence o f  t he  r a t e  on oxygen pressure and on KCl(g) 
pressure waf s tud ied f o r  r e a c t i o n  ( 3 ) .  
( i n  pg hr-  ) versus the  02 pressure i s  presented i n  f i g u r e  3 f o r  a 
chromium temperature o f  935OC and a KCl(g) p a r t i a l  pressure o f  20 ppm. 
The 02 p a r t i a l  pressure was v a r i e d  by d i l u t i o n  w i t h  argon, and t h e  
t o t a l  pressure was maintained a t  750 t o r r .  
co r rec ted  f o r  s imple o x i d a t i v e  vapor izat ion,  b u t  t h i s  Nould on t h e  
average amount t o  o n l y  a 3% co r rec t i on .  
t o  t h e  s t r a i g h t  l i n 2  i n d i c a t i n g  a f i r s t - o r d e r  dependence on 02 pres- 
sirre. 
The r a t e  f o r  one o f  our samples 
The Points  have n o t  been 
The p o i n t s  f a l l  f a i r l y  c lose  
The r a t e  f o r  t h i s  same sample i n  pa hr - '  versus t h e  "e f fec t i ve  
pressure" o f  KC1 i s  presented i n  f i q u r e  4 i n  109-109 format.  The 
chromium temperature was constant a t  935 C and t h e  02 pressure was 
750 t o r r .  The " e f f e c t i v e  pressure'' o f  KCl(g) was def ined as: 
'KCl ( e f f e c t i v e )  = pKCl + 2 PKZcl2 ( 4 )  
where PKCl  and P K ~ c ~ ~  a r e  the vapor pressures o f  t h e  monomer and 
dimer, respec t i ve ty  This  " e f f e c t i v e  pressure' '  i s  n o t  t h e  a5solute 
ressure of KC1 i n  the  apparatus, but  i t  i s  p ropor t i ona l  t o  the  num- 
ger o f  moles o f  KC1 a v a i l a b l e  f o r  r e a c t i o n  a t  t he  chromium surface. 
The " e f f e c t i v e  pressure" Bas v a r i g d  by changing t h e  temperature o f  
t he  KC1 c r u c i t l e  from 570 t o  780 C i n  these experiments. The slope 
of t he  least-squares l i n e  drawn throush the  p o i n t s  was 0.94 i n d i c a -  
t i n g  t h a t  t h e  r e a c t i o n  was a l so  f i r s t  order  w i t h  respect  t o  KC1. 
These dependencies on p a r t i a l  pressure o f  oxygen and " e f f e c t i v e "  
pressure of KC1 found f o r  r e a c t i o n  ( 3 )  a re  s i m i l a r  t o  those found 
f o r  t h e  analogous r e a c t i o n  w i t h  NaCl(g) ( r e f .  2 ) .  
Mass spect rometr ic  experiments. - High pressure modulated molec- 
u l a r  beam mass s p e c t r o r e t r i c  sampling was used t o  i d e n t i f y  and t o  
measure the  v o l a t i l e  species emanating from t h e  ho t  o x i d i z i n g  chro- 
mium samples exposed t o  p a r t i a l  pressures o f  KCl(q) w i t h  and w i tho l j t  
H20(g). The main ions i d e n t i f i e d  a r e  presented i n  f i g u r e  5 together 
w i t h  t h e i r  measured r e l a t i v e  i n t e n s i t i e s  and probable parent molecule. 
The ions were i d e n t i f i e d  by t h e i r  m / e  values, i s o t r o p i c  d i s t r i b u t i o n ,  
and behavior when e i t h e r  KC1 g ) ,  H2O(g) o r  t he  sample where removed 
t o  c a r r e c t  r a t i o  of  p a r t i a l  pressures o n l y  if r e l i a b l e  values are 
a v a i l a b l e  f o r  t he  r e l a t i v e  i o n i z a t i o n  and fragmentation cross sec-  
t i o n s ,  m u l t i p l i e r  gains f o r  each ion,  quadrupole mass f i l t e r  t rans -  
from the  system. The r e p o r t e  6 r e l a t i v e  i n t e n s i t i e s  can be converter! 
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mission as a function of m/e, and Mach-number focusing factors for 
each species. A t  present, most of these quantfties are unknown for 
the complex molecular species presented in the tables. Finally, 
parent molecular species were assigned on the basis of familiarity 
w i t h  the mass spectrum-molecular composition relationships f o r  other 
inorganic halide molecule systems. I t  i s  well established ( re f .  7 )  
t h a t  halogen-containing molecules fragment upon electron impact 
ionization t o  yield molecular ions with the loss of a halogen atom. 
respect t o  a value o f  unity for the 0; peak at.  one atmosphere of oxycen 
In  addition t o  the ions resulting from the K C 1 ,  a number o f  ions cnn- 
t a i n i n g  chromium were observed. A small amount of Cr03, w h i c h  arises 
from the oxidative vaporization of Cr203, was observed. B u t  mainly, 
chrosiium occurred in complexes of YC1 and Cr03 w i t h  the general for- 
mula (KCl),Cr03 where x = l , 2 ,  and 2 ,  (KC1),Cr03 being the mast pro- 
minent species. Similar complexes of KOH and Cr03 were disccr-ered 
with the formula (KOH)&rO, where x=l or 2 .  
the hydrolysis o f  the K C 1 .  This fact  accounts for  the effects ob- 
served when water content of the oxygen was increased; namely, 
( 1 )  a s l ight  decrease in KC1 and i t s  polymers; ( 2 )  a large increase 
i n  the KOH comvlexes, and ( 3 )  a very large increase i n  KOH. 
t h a t  KOH-containing species were observed when no water was added 
indicates t h 2 t  the system was not completely free  of water vapor. 
No special prxautions were taken t o  d r y  the oxygen or the KC1 used 
i n  these experircents, so the result  i s  n o t  surprising. 
The ion intensit ies given in figure 5 have been normalized with 
The KOH originates from 
The fact 
We often observed deposits of yellow needles around the t o p  of  
We were unable t o  detect any ions i n  our mass 
the furnaces. 
needles were K2Cr04. 
spectrometer t h a t  corresponded t o  K2Cr04. 
An X-ray diffraction analysis revealed t h a t  these 
The origin of the K2Cr04 needles probably depends on hetero- 
geneous reactions of the following type: 
Cr02(0H)2(c)+2KOH(c) -+ K2Cr04(c) + 2H20(g)  ( 5 )  
KClCr03(c) + KCl(c) + H20(g)  -* K2Cr0,(c) + HCl(g) 
KClCr03(c) + KCl(c) + ' i 0 2 ( g )  -+ K2CrOL(c) + 2Cl(g) . 
( 6 )  
( 7 )  
However, we d i d  observe ions ascribable t o  K2Cr207 and complex mole- 
cules of the dichromate with KC1 and/or KOH.  
These results w i t h  the Cr203(5) + O2 + KCl(g) + H,O(g) system 
are very similar t o  the results we have obtained w i t h  the Cr20?(5) +02+ 
NaCl(g) + Hz@(g) system ( r e f .  3 ) .  
the NaCl results in figure 6 using the format o f  figure 5. As w i t h  
the NaCl systemthe main  reactions responsible for the transport of 
chromium in the KC1 system are: 
For comparison, we have reproduced 
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where x = l  , 2, and 3; and 
where x = l  and 2. 
As s ta ted  prev ious ly ,  t h e  enhanced r a t e s  o f  o x i d a t i o n  obta ined i t 1  t h e  
t a r g e t  c o l l e c t i o n  s tud ies  i n  t h e  presence o f  KC1 ( g )  and KOH(g) pre-  
c lude a gas phase r e a c t i o n  explanat ion of  t h e  format ion of these 
complex molecules. A gas-phase mechanism would be l i r n i t e d  by t h e  
r a t e  o f  format ion o f  Cr03(g) .  
LaCrO, STUD1 ES 
Target  c o l l e c t i o n  experiments. - Simple o x i d a t i v e  vzpor i za t i on  
o f  LaCr03 was s tud ied  i n  t h e  temperature range 1C5Oo t o  152OOC: 
LaCrO,(s) + 3/4 02(g) -+ ! ~ L ~ ~ o ~ ( s )  + Cr03(g) .  (10) 
For comparison, t h e  o x i d a t i v e  vapor i za t i on  of ox id i zed  chromium, 
r e a c t i o n  ( l ) ,  was a l so  s tud ied  i n  t h e  same temperature range. The 
r e s u l t s  a re  presented i n  f i g u r e  7 i n  an ar rhen ius  p l o t ,  and t h e  l i n e s  
drawn a r e  f rom a least-squares ana lys is  of t h e  data p o i n t s .  Campari- 
son o f  these r a t e s  f o r  ox id i zed  chromium w i t n  thoss obta ined i n  t h e  
lower temperature furnace f o r  t h e  temperature range 900' t o  11O@c 
( f i g .  2 )  reveals  t h a t  t h e  r a t e s  a r e  rcugh:y one -ha l f  as l a r g e .  Th is  
probably resu l ted  f rom t h e  l a r g e r  sample-to-target d is tance necessi-  
t a t e d  by t h e  h igher  temperatures o f  t h e  furnace. 
t r o l l a b l e  aerodynamic f l o w  cond i t ions  may a l s o  con t r i bu te ,  as i nd i ca -  
t e d  by t h e  d i f f e r e n c e  i n  t h e  energies o f  a c t i v a t i o n  determined i n  
t h e  two temperature regimes: 
t u r e  furnace data; and Ea = 53.6 kcal mole-' f o r  h igh  temperature 
furnace data. 
t h e  numerical r e s u l t s .  
Dif' 'erent uncon- 
Ea = 48.8 kcal m3le- l  f o r  low tempera- 
These d iscrepancies emphasize :,he r e l a t i v e  na ture  o f  
Comparison o f  t h e  ox id ized  chromium r a t e s  w i t n  t h e  LaCrCI, r a t e s  
( f i g .  7) shows t h a t  c x i d a t i v e  vapor i za t i on  f r o r  LaCr03 occurs rrclch 
more s lowly ,  and w i t h  a h igher  energy of a c t i v a t i o n ;  navely,  72.1 
kea1 mole-1. 
p reox id ized f o r  20 hours a t  1300 C.  
domly w i t h  respect  t o  temperature and seemed unaffected by the  La303 
t h a t  b u i l d s  up on t h e  surface dur ing  o x i d a t i v e  vapor i za t i on  ( i -eact lon 
10) ). Th is  r e s u l t  i s  s i m i l a r  t o  t h a t  obta ined by C h a t t e r j i  e t  a l .  
[ r e f .  8) .  I n  s i t u  X-ray d i f f r a c t i o n  ana lys is  of samp:es a f t e r  ox ida-  
t i o n  i nd i ca ted  t h e  presence o f  La203 and La(W) ,  on t h e  surface. The 
ox ide was usua l l y  t h e  more prominent and t h e  hydroxide was probably 
formed from i t  by hyd ro l ys i s  w i t h  t h e  water vapor i n  t h e  a i r .  
P r i o r  t o  obta in ingothese Lac PO-. r e s u l t s ,  t h e  sample was 
The r e z b l t s  were obtd ined ran- 
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Exposure o f  a LaCr03 sample that had undergone prolonged oxida-  
tion t o  oxygen containing KCl(g) and KCl (g )  t H Z O ( g ) ,  resulted i n  RO 
enhancement i n  the r a t e  of oxidative vaporization. However, i f  a 
fresh sample (one t h a t  had undergone no preoxidation) was exposed, 
l r rge  enhancments were observed. 
squwe points gepresent a series of rates measured i n  O2 + KCl(g) t 
HpO(g) a t  1250 C ,  and &he diamond p o i n t s  represent a series measured 
i n  02 + KCI(g) a t  1300 C.  
periods except when the sample was run overnight or, i n  some cases, 
repoved from the furnace tint-il morning. I t  required around 30 t o  40 
hours of total  r u n n i n g  time fo r  the disappearance of the enhancement 
in the rates. for comparison, the behavior of a fresh sample in 
straight oxidation a t  134OoC i s  depicted by the solid circular points. 
Here also, a n  enhatxement was observed in the rates m t i l  30 hours of 
total  oxidation time had been completed. 
This i s  shown in fjgure 7 where the 
Usually, rates were determined for one hour 
?hese enhanced rates observed with fresh samples probab?y result  
froin the large excess of chromium i n  these samples, especially from 
the surface! occlQsions. 
e t  a:. ( r e f .  8) .  
effective reaction zone in periods o f  a b o u t  30 hours. 
Similar benavior. was observed by Chstterji 
Apparently, the excess chromium was rer,:oved fror  the 
I t  shouiJ be noted t h a t  lanthanam was detected or, the targets 
a f t e r  lonq oxidation runs above 1308 C .  
the order of 0.3ug cm'2hr-1 a t  1340 C .  This i s  roughly 10'' cjf the 
ra te  o f  collectior, of chromium. [ io lanthanum was found i n  runs i n  
which KCl(g) ar Ic.Cl(g) + HzO(g) were used as reactants i n  the oxygen. 
I t  i s  surprising t h a t  larlthanum should vaporize a t  these relatively 
low hemperatures: vaporizaticn of La203 hecomes measureabl e around 
2000 C ( r e f .  9). 
The rz te  of  collection was of 
Mass spectrometric ex er'ments. - Samples of LaCrO3 were examined 
i n  the temperature -+range 00 t o  1 3 O O 0 C  i n  oxygen containinq KCl(g) t 
H,O(g). For fresh samples most o f  the complex molecules ahserved 
w i t h  Cr,03 samples were detected, t h o u g h  a t  reduced levels. 
samples t h a t  had  been heated over 30 hours, no chroniiun7-containing 
molecules were detectable. No lanthanur-containinc ~ o l e c u l e s  were 
observed for either type LaCr03 sample. 
Llith 
CONCLUDING REMARKS 
u p m  interaction xi t h  chromium i n  oxidizing envirmnients a i  elevated 
temperature. 
are effected by the heterogenous formation o f  vola t i le  complex mole- 
cules of the type (KCl)xCr07 
(KOH&Cr03 where x=l and 2 .  
These rehults have shown t h a t  KCl(cj) behaves analoqously t o  I!aCl(g) 
Enhanced rates of transport of chromium f r o n  the sarple 
where x=l , 2 ,  and 3; and o f  the type 
The proportion of the l a t t e r  i s  dcpe!?dent 
9 
on t h e  H20(g) content  o f  t h e  environment. 
S i m i l a r  r e s u l t s  were found f o r  lanthanum chromite t h a t  contained 
a l a r g e  excess o f  chronium. However, t h i s  r a t e  enhancement decreased 
w i t h  continued exposure u n t i l  i t  disappeared, i n d i c a t i n g  t h a t  s t o i -  
ch iomet r i c  lanthanum chromi te would probably be i n e r t  t o  KC1 (g),  
K.OH(g) and H20(g) i n  h i g h  temperature o x i d i z i n g  environments. 
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